Zinc oxide-titanium dioxide core-shell nanowire dye-sensitised solar cells have been synthesised, making use of a recently developed organic dye and iodide-based electrolyte. We have been able to demonstrate a cell efficiency of 2.53% under AM1.5 for our system. Compared to other cells based on vertically aligned, hydrothermally grown ZnO nanowires, and systems of comparable architecture, our device demonstrates one of the highest cell efficiencies to date and is due to the precise control of the semiconductor's growth and the high performance of the incorporated dye. We have carried out complete morphological analysis and have been able to fully characterise the device.
Introduction
Since their invention in 1991, dye-sensitised solar cells have established themselves as a credible alternative to expensive silicon PVs. 1 This is due to the low cost and ease of manufacture. Over the past two decades, the cell's conversion efficiencies, lifetime and stability have all been improved. 2 The architecture of a typical traditional DSSC consists of a sandwich of conductive glass pieces, between which is a porous conductive titania film sensitised with dye for absorbing incident light, and a redox electrolyte to provide electron regeneration. The titania film acts as both a scaffold with a high surface-to-volume ratio for increased loading of the dye, and as a conductive pathway to remove the electrons donated by the dye molecules. The pathway for the generated electron through the titania film is via a hopping mechanism between the grain boundaries of the nanocrystals. 3 As such, a sintering procedure must be carried out on the TiO 2 film before dye loading in order to improve the nanoparticle-nanoparticle interface. However, this still means that charge carriers have to move across many particle boundaries. One-dimensional nanostructures should therefore improve charge carrier transportation by providing a facile direct electron pathway and lowering the diffusion resistance. 4 One-dimensional, epitaxially grown TiO 2 is possible to synthesise, but it is not a straightforward procedure. 5 A promising alternative is that of zinc oxide, which has very similar electronic structure to TiO 2 but can be grown under much milder, more controllable conditions. 6 Furthermore, ZnO has been shown to have higher electron mobility than TiO 2 , potentially allowing for faster kinetics and fewer recombinations. 7 Nanowires (NWs) of ZnO have been extensively demonstrated to grow under numerous conditions including hydrothermal synthesis, 8 Chemical Vapour Deposition (CVD) 9 or electrochemical deposition. 10 Of these, the aqueous methods allow growth to occur at lower temperatures, decreasing the cost of production and enabling non-rigid substrates to be used. For all their promise, however, ZnO nanowire-based DSSCs have not performed as well as their TiO 2 -based cousins. A number of factors are to blame for this. High efficiencies require high dye-loading. Typically TiO 2 -based DSSCs use semiconducting layers of around 20 mm thick to ensure a high amount of dye can be incorporated into the active layer. Growing ZnO NWs of comparable length and internal surface area under hydrothermal conditions is not trivial due to competing homogeneous and heterogeneous nucleation processes. Furthermore, the surface of ZnO is known to be chemically unstable and to contain surface trap states. For many of the commercially available Ru-based dyes, aggregates rather than monolayers are seen to form on the nanowire surface. 11 Recently, much research has been devoted to solving many of these issues in order to improve ZnO Nanowire-based DSSC device performance -increasing the internal surface area through the growth of longer NWs, designing core-shell structures to suppress electron-hole recombination 12, 13 or improving and enhancing oxide-dye coupling.
Nevertheless, the highest efficiencies of DSSCs constructed using many of these aligned ZnO NW arrays are less than 2%. 14 It has long been known that ZnO NW-based DSSCs have suffered from low efficiencies through a combination of low levels of dye adsorption (due to the thinness of the active layer), unstable surface chemistry, defect states and incompatible ZnO-dye interaction. 15 We have addressed these major issues through careful engineering and optimisation of the photoanode and through the use of a new D-p-A organic dye in order to improve device efficiencies.
In this article we describe a solar cell constructed using a newly developed organic dye (C220) with high molar extinction coefficient 3 of 5.5 Â 10 4 M À1 cm À1 at 555 nm. The energy offset of the LUMO (À3.42 eV) of the C220 dye molecule with respect to the ZnO conduction band edge ($À4.0 eV) 16 provides the driving force for charge injection. 17 The molecular structure of the C220 dye is presented in Fig. 1 , The 4,4 0 -didodecyl-4H-cyclopenta[2,1b:3,4-b 0 ]dithiophene (CPDT) segment is used as the spacer between the donor and the acceptor group (D-p-A) of this organic sensitizer. This is the first time such dye has been reported in liquid electrolyte solar cells and in combination with a ZnO active layer, which we have also developed to have a high surface area and good electron transport capabilities. Our best device performance shows an open-circuit voltage (V oc ) of 819.6 mV, a short circuit current density (Jsc) of 5.08 mA cm À2 and a fill factor of 60.6% with power conversion efficiency of 2.53% under 1.5AM, which is one of the best device performances reported so far in the literature for vertically aligned ZnO nanowires. This performance was achieved using core shell NWs of ZnO/TiO 2 .
Experimental Materials
All solvent and reagents were of puriss grade quality and were used as received. Guanidium thiocyanate (GuNCS) was purchased from Fluka. Zinc nitrate (99.999%) and poly(ethyleneimine) (end capped, M W $800 g mol À1 ) were purchased from Sigma-Aldrich. Hexamethylene tetramine (99 + %) was purchased from Alfa Aesar. 1,3-dimethylimidazolium iodide (DMII) was prepared accordingly to a reported procedure 18 and the purity was confirmed by 1 H NMR analysis.
ZnO nanowires (NWs) growth and characterisation
ZnO Nanowires were grown on FTO-coated glass (Solaronix FTO22-15) via a hydrothermal route. The substrate was cleaned in acetone, isopropanol and water and dried under a stream of nitrogen. A thin layer of zinc metal was sputtered onto the FTO surface through a shadow mask with a hole of 6mm diameter, which defines the active area of the cell. The sputtered zinc layer acted as both a seed layer and a blocking layer and was placed within a pre-heated (1 h at 92 C) growth solution containing 74mM zinc nitrate, 50 mM hexamethylene tetramine (HMT) and 4.5 mM poly(ethyleneimine) (end capped, M W $800 g mol À1 ). The substrate was held at 92 C for 3 h before being placed within a second pre-heated reaction vessel containing identical precursors. To achieve 10 mm NWs, this step was repeated a further 8 times. Post-growth, the active areas were washed well in deionised water and dried. Morphological characterisation was carried out in a FEG-SEM (Carl Zeiss Leo 1530VP with Gemini column) operated at 10keV. Raman spectroscopy was performed on a Renishaw spectrometer through a 50x objective and in the backscattering geometry. A green excitation laser at 514.5 nm was used as the excitation source. TEM was carried out at 200 keV in a Philips Tecnai 20 HRTEM. TEM samples were prepared by removing the nanowires from the substrate using a blading technique, dispersing them in ethanol using sonication and dropping them onto a holey carbon TEM grid.
Core shell ZnO/TiO 2 (NWs) growth TiO 2 shells were grown on the NW arrays using a modified Beneq ALD system operated at 10 À6 mbar. Titania was deposited on the NW from titanium tetrachloride and distilled water sources at 250 C using 500 ms pulse, 300 ms purge cycles. The average growth rate was $0.5
A per cycle. View Article Online
Solar cell fabrication
The dye-sensitized solar cell was assembled by sandwiching the dye-sensitized ZnO-NWs semiconductor component with the Ptcoated FTO cathode using a piece of hot melt Surlyn (25 mm thick) as a spacer. The ZnO NWs film was stained by immersing it into a dye solution (C220) in a mixture of acetonitrile and terbutanol (volume ratio 1 : 1) for 4 h. 17 Several dipping times were tried; the optimal loading time (4 h) was found by measuring the photovoltaic performance of each immersion time. Finally the internal space of the DSC was filled with a redox electrolyte consisting of 1.0 M DMII, 50 mM LiI, 30 mM I 2 , 0.5 M TBP, and 0.1 M GNCS in the mixture of acetonitrile and valeronitrile (v/v, 85/15).
Photovoltaic characterization
Photovoltaic measurements employed an AM 1.5 solar simulator equipped with a 450W xenon lamp (Model No. 81172, Oriel). Its output was calibrated to 100 MW cm À2 by using a reference Si photodiode equipped with an IR-cutoff filter (KG-3, Schott) in order to reduce the mismatch between the simulated light and AM 1.5 (in the region of 350-750 nm) to less than 2% with measurements verified at two PV calibration laboratories [ISE (Germany), NREL (USA)]. I-V curves were obtained by applying an external bias to the cell and measuring the generated photocurrent with a Keithley model 2400 digital source meter. The voltage step and delay time of the photocurrent were 10 mV and 40 ms, respectively. The photovoltaic measurements were taken by using a metal mask with an aperture area of 0.159 cm 2 .
A similar data acquisition system was used to determine the monochromatic incident photon-to-electric current conversion efficiency. Under full computer control, light from a 300 W xenon lamp (ILC Technology, USA) was focused through a Gemini-180 double monochromator (Jobin Yvon Ltd., U.K.) onto the photovoltaic cell under test. The monochromator was incremented through the visible spectrum to generate the IPCE (l) as defined by IPCE (l) ¼ 12400(Jsc/l4), where l is the wavelength, Jsc is short-circuit photocurrent density (mA cm À2 ), and 4 is the incident radiative flux (mW cm À2 ).
Results and discussion
ZnO NWs growth mechanism and characterisation Fig. 2 shows the nanostructures grown on the FTO electrode in the area covered with a sputtered Zn film. The crystals are mainly hexagonal in shape and have a range of diameters, mainly clustered at 50 nm AE30nm. Some nanowires are slightly longer and thicker than the majority. Side-view imaging shows that the wires are vertically aligned with respect to the substrate surface with a length of 10 mm for a 27 h growth time. Extending or decreasing the total growth time led to longer or shorter NW electrodes, respectively. The crystallisation of ZnO using the hydrothermal method takes place via a number of chemical reactions in the growth solution. 19 The major ones are outlined below. Above 60 C, the HMT solution undergoes the following reactions: 
Additional chemicals introduced into the growth solution can often alter the morphology of the ZnO either through adsorption onto specific crystal faces, which can prevent growth in certain directions, or through alterations in growth rates. 19, 20 Polyethylene imine has been shown to preferentially bind to the six non-polar prismatic {10 10} crystal faces, thereby promoting growth along the c-direction of the crystal and preventing lateral expansion of the nanowires. 21 Initial growth takes place on the nuclei of the seed layer that, in our case, is a highly uniform sputtered Zn film deposited onto the FTO layer. Within the hot growth solution rapid oxidation of the sputtered layer can take place to produce a ZnO surface. The freshly prepared ZnO surface comprises of ZnO grains (approx. 20-30 nm in size), which act as nucleation sites for the growth of nanocrystals. 22 Pre-heating the solution prior to introduction of the seed layer allows the rapid homogeneous nucleation process to proceed, decreasing the supersaturation level of the precursors and for the ZnO formation to enter into an equilibrium condition. Once the substrate has been introduced into the pre-heated solution, and rapidly oxidised, crystal growth can favourably occur on the exposed ZnO grains. 23 In this way, we were able to produce long, vertically aligned ZnO nanowires up to 10 mm long over a period Fig. 3 illustrates the structure of the NWs DSSC using the ZnO NWs. The device is illuminated from the transport electrode, in the same fashion as that of many other 1-D semiconducting nanoarchitecture-based DSSCs. The ZnO NWs are grown vertically on FTO-coated glass substrates (Fig. 2) .
Photovoltaic performance of ZnO NWs
The ZnO NWs film was stained by immersing it into a dye solution of C220 in a mixture of acetonitrile and ter-butanol (volume ratio 1 : 1) for 4 h. 17 The sensitized ZnO electrode was assembled with a thermally platinized FTO counter electrode and surlyn hot melt as a spacer. The internal space was filled with a redox electrolyte consists of 1.0 M DMII, 50 mM LiI, 30 mM I 2 , 0.5 M TBP, and 0.1 M GNCS in the mixture of acetonitrile and valeronitrile (v/v, 85/15). The overall energy conversion efficiency of 1.25% (Voc, 524.1 mV; Jsc, 5.49 mA cm À1 2; ff, 0.43) was measured under irradiation of 100 mW cm À2 AM 1.5G sunlight. The photocurrent-voltage characteristics of the ZnO NWs DSC is shown in Fig. 4a . The best photovoltaic performance was obtained using 10 mm thickness of ZnO NWs film.
The incident photon to current conversion efficiency (IPCE), external quantum efficiency, specifies the ratio of extracted electrons to incident photons at a given wavelength. The IPCE spectrum (Fig. 4b ) is plotted as a function of wavelength of the light. The ZnO NWs cell shows a good response at 470 nm wavelength the IPCE is reaching its maximum of 69%, while at 600 nm wavelength the IPCE is 15%.
Integration of the IPCE spectrum over the AM1.5 solar emission yields a photocurrent density of 6.67 mA cm À2 in good agreement with the measured spectrum showing that any mismatch between the true AM 1.5 emission and that of the solar simulator is small. Our reported efficiency for bare ZnO NWs of 10 mm length compares favourably with current literature device performances. 14, 21 Improvements in device performance for ZnO NW-based photovoltaic devices have often been observed when the NWs have been coated with thin layers of semiconducting or insulating materials. 24 These have included MgO, Al 2 O 3 and ZrO 2. The purpose of these shells is to provide a more stable binding site for dye absorption and suppress carrier recombination. 12 Core-shell structures of ZnO-TiO 2 have been synthesised using ALD methods, allowing precise control of the shell thickness coating the NW surface. (Fig. 5a ) shows that the highly porous nature of the nanowire film has been preserved Fig. 3 A schematic showing the structure of the NW-based DSSC. after titania deposition. From TEM characterisation (Fig. 5b) we can see that a thin shell, the thickness of which is measured as 20 nm, covers the individual nanowires. Raman spectroscopy (Fig. 5c ) of the core-shell structures shows a number of peaks corresponding to ZnO and TiO 2 vibration modes. Normalisation of the peaks to the Si peak at 520.5 cm À1 allows the comparison of the ZnO peak (at $430 cm À1 ) to the TiO 2 peak. Vibrations which are due to the TiO 2 shell are observed at $197 cm À1 and $635 cm À1 , and can be assigned to the B 1g and E g active modes, respectively, for anatase TiO 2 . 25 As the shell thickness increases, the intensities of the TiO 2 peaks increase with respect to the ZnO peak. No discernable peaks are observed for the 5 nm shell sample. This is in agreement with the observation that, below 5 nm, the layer is amorphous. 12 The core-shell structures of ZnO-TiO 2 have been synthesised using ALD, through a pulse/purge combination of TiCl 4 and H 2 O, and conformal coatings of TiO 2 can be achieved; longer pulse times of titanium chloride ensure that precursors can diffuse into the highly porous ZnO NW array. Shell thicknesses ranging from 5 nm to 40 nm were tested in devices for ZnO films of 1mm thickness (Fig. 6 ). The highest efficiencies were seen for cells with 20 nm TiO 2 shell deposited on the ZnO. Above this optimum thickness, SEM images suggested that the dye was unable to penetrate within the nanowire array due to the tight spacing between the NWs.
Core shell ZnO/TiO 2 NWs characterisation

Photovoltaic performance of ZnO/TiO 2 NWs
As shown in Fig. 6 , TiO 2 shell thickness of 20 nm gave the best photovoltaic performance using 1mm thickness of ZnO/TiO 2 core shell film. Using this finding we made 10mm long core ZnO NWs covered with 20nm TiO 2 shell creating $10mm thickness ZnO/ TiO 2 film. Table 1 summarizes the photovoltaic performance obtained from the bare ZnO NWs cell and the ZnO/TiO 2 cell. The photocurrent-voltage characteristic of the ZnO/TiO 2 core shell structure is shown in Fig. 4c . The cell shows an open-circuit voltage (Voc) of 819.6 mV, a short circuit current density (Jsc) of 5.08mA cm À2 and a fill factor of 60.6% with power conversion efficiency of 2.53% under 1.5AM. The fill factor and the Voc improve significantly with the 20nm TiO 2 shell compared to the bare ZnO NWs. The TiO 2 shells suppress recombination, by introducing an energy barrier that increases the physical separation between photoinjected electrons and the oxidized redox species in the electrolyte. 12 The full-scale semilogarithmic plots in Fig. 7 show that the dark current of the bare ZnO NWs DSSC is higher than the dark current of the ZnO/TiO 2 NWs DSSC. A smaller dark current suggest a lower rate of recombination which results an increasing of the Voc and the fill factor, which agrees well with our results.
The IPCE spectrum of the cell is shown in Fig. 4d . At 460nm wavelength, the IPCE reaches its maximum of 63% while at 600nm wavelength the IPCE is 20%. A different shape of the IPCE can be seen for the core shell NWs compared to the bare ZnO NWs. The TiO 2 shell provides a more stable binding site for the dye absorption. As a result, at higher wavelengths starting at 570 nm, the IPCE of the core shell NWs is higher than the IPCE of the bare ZnO NWs. Integration of the IPCE spectrum over the AM1.5 solar emission yields a photocurrent density of 6.23 mA cm À2 in good agreement with the measured spectrum showing that any mismatch between the true AM 1.5 emission and that of the solar simulator is small. Fig. 6 C220 DSSC device performance characterization for core-shell ZnO-TiO 2 photoanodes of different TiO 2 shell thicknesses on 1 mm long ZnO NWs. (a) efficiency (%) (blue squares) and Jsc (mA cm À2 ) (red squares); (b) voltage (V) (black squares) and fill factor (red spots). Optimal performance was observed for shells of 20 nm thickness. . 7 Full-scale semilogarithmic current-voltage plots of ZnO NW DSSC and ZnO-TiO 2 DSSC, taken in the dark. Both DSSCs were constructed with 10 mm long ZnO NWs; for the core-shell device, the optimal TiO 2 thickness of 20 nm was used.
